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THEORY OF SCALE PROCESSES ON ALLOYS Ygilhe
%
3 . ]
[Coment: The following report is a full translation of a & -

lecture delivered by Prof Dr Karl Hauffe, director of the Insti- .
tute for Physical Chemistry, before the Verein Deutscher Eisen- Y
huettenleute in Duesseldorf on 1 October 1951. The lecture was

published in Wissenschaftliche Zeltschrift der Universitaet Greifs- .
wald (Mathematics-Natural Sclences Series No 1), Volume I, Greifs- : STy
wald, 1951/1952. :

Numbers in parentheses refer to items in author's bibliography. ]

Introduction and Statement of the Problem

According to the equation of the chemical reaction, the formation of
a metal oxide, sulfide, or halide by reaction of oxygen, sulfur vapor, or
halogen gas with a metal at elevated temperature appears to be one of the
simplest reactions. However, as oxidation research has shown, this is by
no means true. In fact, there are considerable complications, since the
reaction product often appears as a solid phase between the starting ma-
terlals, and thus the reaction is often no longer controlled by phase
boundary reactions but rather by diffusion phenomena in the oxide layer.
For this reason, the center of research interest concerning the reaction
mechanism has been an inquiry into the holes in these oxlide, sulfide, and
halide surface layers and the processes of diffusion through them.

These oxidation, sulfurization, and halogenation reacticns at elevated
temperatures will be designated as scale and tarnish phenomena. In the
following discussion, we shall always speak of scale phenomena and scale
strata vhen we are dealing with relatively thick and compact surface layers
which are electrically neutral. The subject of this paper is restricted ex-
clusively to scale phenomens. Tn contrast to these phenomena, the tarnish
phenomens are characterized by surface layers ranging from thin to very thin
designated as tarnish layers, in which diffusion phenomena have been produced
using high electrical fields, as Mott and Cabrera (1) were able to show.
While the last-named authors can easily explain both the logarithmic and the
cubic tarnish law, in the case of the appearance of the scale layer, the
parabolie scale law prevails. This first established in 1920 by Tammann (2)
and then independently by Pilling and Bedworth (3) in 1923. If the concen-
trations or activities of the reactants at the phase boundaries of the scale r
layer are independent of time and are defined by a thermodynamic equilibrium,
we have for the reaction rate, expressed as the increment of scale layer thick-
ness A § per unit time, from the Frick diffusion law the following

(AE)=X ) {

t

where k' is the scale constant. Integration gives

(AF 12 — axre. (11)
In lieu of the determination of the layer thickness, the mass increment per
8q cm, Am/q, 18 often easier to determine. Equation II converts to F
Aoy2 e, (111)
q
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The phenomena of diffusion through the crystallite of the scale
layers are possible only 1f, extending an energy hypothesis of Frenkel,
(4) one assumes that not all iong or atoms in a lattice are in thelir
regular lattice places. According to Frenkel, for example, in a stoichio-

lattice vacancy model, which can be considered valid for the silver halides.(5)
Accordingly, an lon mobility through the vacancies without difficulty is
understandable, since Ag ions can migrate either through the interstices
(Figure 1, upper left) or through the lattice vacancies (Figure 1, upper

Tight and lower left).

Ag+ Br- Ag+ Br— Agt Br- Ag+ Br-
Agt—
Br— AgtBr- Agt Br- O Br-ag+

Ag* Br— Ag+ Br- Agt Br- Agt Br—

Br= Agt Br- Ag* Br- Ag+ Br-—Ag+
A1

Ag+ Br- [] Br- Ag+ Br- Agf\fr—

g+
Br'Ag*’Br‘Ag"‘Br‘Ag*Br‘Ag+

Figure 1. The lattice vacancy model for AgBr'according to Frenkel

The quantitative interrelationahips were first adduced in the presenta-
tion of the general Wagner-Schottky lattice vacancy theory (6) by Wagner and
his collaborators. On the basis of the halogenation of silver (7) as well as
the sulfuration of silver (8) and iron (9) and the oxidation of copper, nickel,
zine (10) and iron (11), 1t has been possible to show that the metal, in the
form of metal ions and electrons, often migrates from the metal to the oxidiz-
ing atmosphere through the scale layer. However, the other possibility of
the diffusion of oxygen icns through the Fep03 and Fe30L to the metal has
been demonstrated recently (11) for the oxidation of iron. The essentially
independent migration of ions and electrons, which is related only to the
condition of electrical neutrality, i.e., to the presence of equivalant
amounte of ion and electron lattice vacancies per unit volume of scale layer,
18 of essential importance for the following analysis and hag been determined §
Quantitatively through the Wagner scale theory. (7,12)

Before we proceed to the quantitative evaluation of the Wagner scale
formula, we should premise several general considerations concerning the for-

mation of solid surface layers, the presence of which is fundamental for the i
application of the Wagner theory. The continual affinity of the metal for i
the surrounding atmosphere and the continual building up of the seala layer
which is characterized by the crystal structure and especially by the extent
of lattice vacancy, bring about scale formation on the metals and alloys at
various rates. Thus, the formation of a solid surface layer is, in general,
conditional on the molar volume of the scale layer being greater than the
atomic volume of the metal] or alloy, because, if the volumetric ratio is the
reverse, a very porous, spongy scale layer results.

' 9-7
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This general rule is subject to a modification, however, which has been
mentioned by Frank and van der Maerve.{13) While, by way of an example, oxida-
tion of copper, nickel, zinc, and iron generates a continuous well-bonded
oxide layer on the metal, Bauffe and Ralmel {9) have not been able to observe
a solid, sulfide surface layer upon sulfurization of nickel to NiS at T60° c.
Because of the excessive difference in the volumes of the NiS and Ni and the
resultant unfavorable conditions of formation of NiS energywise on the Ni
lattice, the N1S layer appeared as a porous scale layer because of the con-
stant "burstings." Furthermore, there are scale phenomena where the formation
of a nonporous, solid scale layer has been ensured and where the perabolic time
lav has not been observed. For example, Hauffe and Pfeiffer (11) have been
able to observe this phenomenon during the oxidation of iron in co/co,_mixtures
at 1,000° C. Here the diffusion phenomena function

MeQ
Me Mea_f; (a)
e }m %2(s
-
< 0 (B)
pr—— 2y
Me > Me2ty 2e- logg) = MeO+MeO"+ 20 (A)
Me + 055 MeO+ 2e- 2

1
2088, 2e- = o (3)

Figure 2. The general oxidation scheme with possible diffusion and phase
boundary phenomena.

more rapidly than the phase boundary reaction, i.e., the supply of oxygen
according to the reaction

C02 = co0 40
ads to FeO [adsorption to Fe0]

In such cases, the application of the Wagner scale formula loses its
validity.

By bypassing the derivative, which is necessary for the understanding

of further considerations, we use the Wagner scale formula in its most
general form

Fele)
B={w8 k) dyetemsren] 2 e
(1) A'f
( :

—_ K (1vo)
At ”

Here dn/dt signifies the amount of metal ions which migrated outward or the

amcunt of metallold ions which wigrated inward toward the metal per sq em and
per second; Af designates the incremental increase in the thickness of the
scale layer in cm; &€ 18 the electron charge in absoclute electrostatic units;
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and Z 1s the valence of the metalloid {ons. Also, Mx represents the chemiecal
potential of the metalloid {e.g., oxygen); here the index (1) defines the
phase boundary metal/oxide, and the index (3) defines the phase boundary
oxide/oxygen (see Figure 2). ¥ 15 the electrical conductivity in omm -1+ g -1,
and n;, N>, and ny are the transfer numbers of the cations, anions, and elec-
trons. The constant k", which 18 equal to the term in the braces in Equation
IVa, 18 called the rational seale constant and states the reaction rate in
equivalents Per sq cm per second for a layer thickness of one cm.

As reported elsewhere (lk), the chemical aspect based on the Wagner
scale theory 18 to be considered, i.e., the breakdown of the scale phencmena
inte oxidatation, sulfuration, and halogenation reactions a8 well as those of
seccndary significance. We subdivide the scale phenomena 1n 2 more meaningful
way into lon-conducting surface layers, where the capacity for partial elec-
tron conductivity is rate-determining, and into electron-conducting surface
layers, where the ion conductivity determines the oxidation rate. As ex-
plained below in more detail, we distinguish between an electron defect con-
ductlon and an electron excess conduction in scale 8ystems having electron-
conducting surfage layers, the knowledge of which leads to decisive predic-
tions.

A8 1s recognized from foruula IVa, in the case of a scale system with
an ion-conducting surface layer, perhaps AgBr B = 1, a pure g ion conduc-
tion 1s shown, as has been indicated by the transfer measurements of Tubandt.(15)
With Ny « 1, one obtains frog scale formula IVa the capacity for partial elec-
tron conductivity n, . K e K3 as the rate-determining factor of the entire
bromination reaetiog. A reduction of the bromination rate can result only if
the capacity for electron conductivity (equals ¢oncentration times mobility of
the electron interference patterns) decreases. In another case, vith a scale
system with electron-conducting surface layer, e.8., in the oxidation of copper
where Cueo is an electron defect conduetor, N3 » 1. This means that with Ny « 0
and constant chemical potential or oxygen partial preéssure, the oxidation rate
18 defined by the capacity for conducting Cu ions. According to these consid-
erations, a control of the scale rate ig possible simply by varying the rete
determining partial conductivity for the diffusion in the scale layer,

Scale Phenomena on Alloys Having Ion-Conducting Surface Layers

On the basis of conductivity and trans‘er measurements on silver halides,
1t has been established that they are, as already mentioned above, typical ion
conductors, wherein the Ag lons conduct the current through the lattice va-
cancles and interstices. According to the Frenkel lattice-vucancy coneept,
the following anomalous equilibrium can be assigned to gilver bromide resulting
from the bromination of silver as a reanlt of its stoichiometrie compositiuns

Undisturbed AgBr crystal = Ag[:], + Ag ., W)

whereby a number of Ag ions, determined by the temperuture, leave their lIattice
points and stand at the Interstitial points. Interstitial ions, Agy ., are
formed with the production of an equal number of Ag ion lattice vacancies,
Ag~i . Thus, the circle designates the oceupation of an interstitial point,
and the dot at the upper right designates the single pogitive charge on the
entire lattice. Correspondingly, the box designates an unoccupied lattice
point, and the line at the upper right indicates the single negative chirge
of the interference pattern. If xAgo' means the concentration of the Ag lons
on the interstitiml points and xp . %the concentration of the ion lattice wva-
cancies, then for the pure AgBr phise (indexo), it is true that

x° x°

Ag,, = A

) (V1)
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If one now considers the change in the lattice-vacancy pattern of a AgBr
crystal in a bromine atmosphere, one observes the appearance of an Ag
deficiency. Thig deficiency 18 due %o the fact that an equal number of Ag
ions and electrong left their lattice points and, with the bromine atoms
found on the surface, form an AgBr lattice extending outward, leaving be-
hind an equivalent number of Ag ion lattice vacancies Agd and electron
defect places & ,vhich, @ccording to a proposal by Wagner (16), have

been represented by Agz * 1ons, The symbolic conversion equation for this
is

1
> Brz(g)# AgBr Agd +® (VIIa)
1

2 B, (e) = aer ¢ Aey + a7 (VIIv)

Application of the law of mags action, with idea] ambient conditiong
assumed, leads from VIIa to

1
2
x [ 1
heq' * *@ K “ Par, (virI)

From this it follows that for the capacity for partial electron c¢onduc-
tivityﬁ@ ,which 1sg Proportional to concentration of electron defect point
Xg » there 15 a proportionality with %, while the Agt (lattice vacancy

P

B r2

concentration x ' ) 18 practieally independent of the bromine partial pres-
Ag

Bure, as a result of the high specific lattice-vacancy concentration of the
AgBr lattice. Because, however, according to Equation IVa, the bromination
rate of the silver is determined by the capacity for partial electron conduc-
tivity, the bromination rate of the silver must increase with the 8quare root
of the partial pressure of the bromine. According to Equation IVb, it follows

that for the bromination rate constant k", ag Wagner has been able t0 show
experimentally,

n_ 300 RT
k_§3500 k@ (pBr2= 1) ¥ - PBrz (x)

If the bromine partial pressure ig kept constant, a decreagse ip the concentra-
tion of the electron defect points follows upon increasge in the Ag *+ lattice-
vacancy concentration from VIII and, consequently, according to IX, there is a
decrease 1n the bremination rate. Koch and Wagner {17) nave shown by means of
conductivity measurements that the Ag + lattice-vacancy concentration 1s i{n-
creased by the insertion of divalent Cd op Pb ions, since, on the basis of
electrical neutrality (see Figare 3), an Ag lattice vacancy is produced for
every foreign ion introduced into the AgBr lattice.
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Figure 3. Lattice vacancy ia a Ag;Br-CdBr2 mixed crystal according to
C. Wagner

As Teltow (18)oshowed, a maximum of about 25 mol % of C&Br, can be dissclved
in AgBr at 330" ¢, whereupon a heterotypical mixed phase as indicated by
Laves (19) is formed. The symbolic equation of the addition is

caBr, = cd e (Ag) + Agd +2AgBr (X}

whereby, according to the Schotlky symbolsim, Cd e' (Ag) means a Cd ion in a
lattice position ordinarily occupied by Ag, vhich, as a result of the divalence
of the cadmium fon, causes a positive charge on the entire interference pat-
tern. On consideration of VIIT and X, it follows that, for the ratio of the
capacity of the partial eleectron conductivity of the pure AgBr phaseld O and
the mixed pha.sex@ , @

o] +
%?_ - X°Ag) (x1)
® X Ag
From this equation, it follows that the ratio of the scale constants is
k L ag g’
x T ﬁé“&?‘ (X11)
Here, the unknown concentration EA . in the mixed crystal can be obtained
from the law of mass action 8[3
x .ox :
AgD: Agyr =K (X111) .r
as well as the condition of electrical neutrality '
x x x
AgD,' Age: ¥ %cd o (ag) (x1v)
to give:
x = (1/2)x 2
A -
ey Cd e (Ag) + A/[(_l/2)xcd o (AS)] ' K (xv)

Considering the equality Xcd e°* (Ag) = *cdBry = ¥pq (in the alloy), 1t follows
from XII and XV that

k —
= T
¥ *ea Xod 2 2
ey T\ Tyl +1 (xv1) 4
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As may be seen from Figure L, the agreement between the measured k/k°
values and those calculated according to XVI is very satisfactory. (20)

1.0

0.8

K
(0 0.4

——

Ag 0.02, 0.04 0.06 0.08
cd —>
Figure 4. Tbeorelationship of the ratio of scale constants
k/k” to the Cd content in the alloy according to
K. Hauffe and Ch. Gensch (T - 330.° €. and

Ppy . 170 mm Hg). Curve 1 represents experi-

menfal data, and curve 2 was calculatol from
equation XVI with the assumption of
o

3.

X -
Ay - 2.9.10,‘{

The same evaluations are valid for the bromination rate of Ag-Pb and
Ag-Zn alloya.(El) Hovever, as may be seen from Figure 5, the deviations
in these cases are appreciable, especially with the Ag-Zn alloys. With the
increasing solubility at 330° C in the serles ZnBr, (about 1 mol%), PbBr,
(about 8%), and CaBr, (about 25%), the scale consténts decrease. A con-
firmation of the basic equations XII to XVI as adduced -- if only qualita-
tively -- by Himmler (22) in the controllability of the chlorination rate of
gilver in the presence of a PbCl , or CdCl 2 "" saturated chlorine atmosphere.
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2-\ 7= 33°¢
k.10%° “\ Parg = 170 o/m Hg
\\\\
1
\ e e e .—._.Ag-im
\\
-_ e - ____\,Ag-cd
0 0.02 0.0k 0.06 0.08

Figure 5. The curve of the scale constants of several silver
alloys with increasing foreign metal admixture ac-
cording go Ch. Gensch and K. Hauffe
(T = 330

¢ and pBr2 = 170 mm Hg.

The chances for the formation of more scele-stablé Ag alloys than the
Ag-Cd alloy with 5-8 atom % Cd are not grest, if one considers that only
those alloying additives come into question the valence of which is z = 2,
and the ionic radius of which is 1.1 ¢ 0.2° A, so as to be able to guarantee
a satisfactory solubility of the alloying metal bromide in AgBr and, thereby,
a satisfactory increase in the concentration of Ag lattice vacancies In the
scale layer. By use of the lonic radii of Goldschmidt, one can consider,
from a practical view point, only the narrow choice of Cd {1.03), Pb (1.32),
cu (0.96), Tl (1.05), Sr (1.27), =nd perhaps La (1.22) and Ce (1.02). With
these metals the possibilities for alloying are exhausted. The use of silver
alloys with several alloying elements and the concomitant displacement of
solubility of the less soluble metal ions by the more soluble metal ions in
the Ag halide phase (23) result in & worsening rather than an improvement.
in the scale stability. To what extent foreign alloy surface layers in the
form of thin Aly0y and Be0 layers on silver alloys inhibit scale formation
(24) cannot be diBcussed within the framework of the present work.

Scale Phencmena on Metal Alloys Having Electron Conducting Surfaces

According to the general scale formula IVs, the oxidation rate of this
gcale system with constant oxygen partial pressure and constunt temperature
is determined by the ion partial conductivityﬁ&ion and especially the cation
partial conductivityg, = K (metal fon), which is proportional to the mobility
and the concentration of lattice vacancies of the metal ions. If one considers
the mobility of the metal ions through the lattice vacancies in first approxima-
tion as constant and independent of the foreign ion content, then the oxidatlon
rote is a direct function of the lattice-vacancy concentration of the metal ion;
i.e., by increasing the metal ion lattice-vacancy concentration in the scale
layer, the oxidation rate is increased, and on reducing the concentration, the
rate is decreased.
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Since the oxidation phenomena in the scale system having solid surface
layers are in most cases controlled only by diffusion of the ions through
the ion lattice vacancies in the scale layer, we must first occupy ourselves
with the lattice vacancy phenomena in oxides and oxide mixed phases from the
standpoint of the lattice-vacancy theory. A large number of oxides, sulfides,

and other compounds have the capacity to dissolve a more or less high percent-

age of one of the admixtures in excess. This fact has been considered by
Wagner, and he has developed quantitative relationships concerning the degree
of lattice vacancy of nonstoichiometric compounds. While numerous oxides,

for example, Cuy O, Ni0, Fe0, Bi, 03 etc., have a metal deficiency, other
cxides, such as Zn0, CdO, Ti0,, etc.’ have a metal excess. Although the first
group of oxides has an equivalent mumber of electron defect points, because

of the formation of cation lattice vacancies due to electrical neutrality, and
is therefore designated as electron defect conductors, the second group of
oxides has an equivalent number of quasi-free electrons, because of the pres-
ence of metal ions in the interstices or oxygen ion lattice vacancies, and is
therefore designated as electron excess conductors. A third group of oxides,
called self-semiconductors, is not considered of importance to the following
scale phenomena, since in this case the ion lattice-vacancy ratios have not
been adequately clarified. In aceordance with the classification principle

of the semiconductor theory, we will consider bipartition later and will first
discuss the principal aspects of a geale system having an electron-excess-
conducting surface layer.

1. Scale Phenomena in Metal Alloys Having Electron-Excess-Conducting
Surface layers

According to the symbolic lattice-vacancy equation, on disscciation
of the oxygen in zine oxide, Zn ions form in the interstices Zno*, and quasi-
free electrons © are formed.

(g)
Sno\—_43n0. + 0O + %Os

2 (xvir)
According to the law of mass action,
_ 1
no * X@ = K 2
(xvi1iI)
and the equation X gives for the electrical conductivity
Zn o! - x@
K = constant P02 - % (X10)

i.e., the electrical conductivity must decrease with increasing oxygen partial
pressure. It was found that 4 1is

. ., '
K ~ o T3 (See [25]).)

Wagner as well as Hauffe and Vierk (26) were able to show that, with small
additions of G3203, A1203, and Cr203, the electrical conductivity of ZnO in-
creased with incréasing “foreign Sxide content up to 103 (see Figure 6).
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Figure 6. The electrical conductivity of ZnO-mixed oxides relative
to the concentration of the foreign oxide according to
K. Hauffe and A. L. Vierk (T = 394 ¢ and 1 atam air).

This finding may be understood on the basis of the condition of
electrical neutrality and the law of mass action (XVIII). As is shown
in Figure 7, on introduction of the trivalent Al ions, the Zn ions dis-
appear into the interstices, and quasi-free electrons are formed. This
may be represented by \

(8)-

R 1
Al0. = 24Ale’ (Zn) 420 + 2800+ 202 (xx)
- - ki
202 o? za® * o? adt
5 Zn 4 e-
0 zn? * 02" #n ¢ 02
- 2 -
zo® * 0® IVER 0 Zn@ +
Q-
- 2~ 2 2-
0® zo° * 0 an” t 0
Figure 7. Llattice vacancy in a Zn0-AL,0, mixed oxide (here the numbsr
of quasi-free electrons is graater than the number of Zn
ions in the interstices). '
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This results in a decrease in the electri
increase in the oxidation rate.

vhere Al e!' (2n) designates an Al ion in a Zn lattice place, and by combina-

tion of the equation of electrieal neutrality,

® = %' + *aler (gn)

(xx1)

with the mass action equation (XVIII) at constant oxygen pressure; from

which one obtains, as with the AgBr-CdBr, system, the ratio of the electrical

conductivity of the Zno mixed phase K to“the pure phase X©

_r;ko —_— X.uao; e!ZnZ + V( x Al o°(Zn)

) "4

2X
-]

to the conductivity values,

and by assumption that

X _ X (] o
Al ¢*(2Zn) = A1> x, = X
(zn) > O] gn
O'
xo
Zno*
X Al

N

R‘JR‘

On introduction of Li,0 into the Zno lattice, quasi-free electrons are umuili-

fled in accord with tge equation

502(5) + 20 + L0 — 211 (Zn)+2 zn0

(xx11)

" In accordance with the fact that the scale constants are inversely related

(dx11I)

(xx1v)

and the number of Zn ions in the interstitial points is increased (Figure 8).

ions on the interstitial points.)

. 2+ 02- Z 2¢ 2- 24
or21 Zok o- n Zna’ (o] . Lé
. Zn2t 0% o zn<t 0
Lis 02~ 2Bt . 02 zalt
0% Zn*’ 0% Lit 02"

Figure 8. Lattice vacancy in a Zn0-Lis0 mixed oxide. (Here the
of quasi-free electrons is smaller than the number of Zn

number

O T

cal conductivity (Figure 6) and an
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x°
Zno0°* (xxv)
The validity of these expressions stems from the experimental data

of Gensch and Hauffe (27) in Figure 9. Although the scale constint of
spectroscopically pure zinc at 390°% in air and oxygen amounted to

K{JW

k° = 9,10710 (g2 . cm'h .h -1), the scale constants of twp Zn-Al alloys
with 0.1 and 1.0 atom % Al vere found to be less than 10-11. Correspond-
Ingly, calculations using equation XXTIIT gave values of 4.10-11 gpg ) 10-12,
The scale constant of a Zn-Li alloy with 0.4 atom % Li under the same condi-
tions was calculated to be of the order of k - 10'7, It was found to be

k = 2.10°7, Also, this value agreed satisfactorily with the theory. The
apparently remarkable behavior of the oxidation rate of zinc thallium alloys
may mean that both T120-and T1203 are formed during the oxidation. As is

gseen from the oxidation curves, with small amounts of T1 4n the alloy, the
T120 formation predominates; therefore there is an increase in the oxidation
rate. With higher T1 contents, the T1 03 formation predominates; therefore
there is a decrease in the oxidation rate compared with pure zine (see figure 9)

8n-L1 (0.4 At % Li1)

2.9 70 2n-T1
(49#'3) 10 (0.1 At $ TV)
/

I el /

!
ol /
1’

s

/ 2n-T1 (0.5 % T1)

/ — |

10 - r__/_zn-m (.04 T '
— Zn-Al (1 At % A)

0 Lo

0 10 20 30 40 5 60 70 S0 i

/2 time in hours 1

Figure 9. Time curve of the oxidation of zinc alloys in 2ir at 39OCC
according to Ch. Gensch and K. Hauffe.

The ususl metallic impurities in zinc, such as Ga, Al, Fe, etc., furnish
cations of high vulence upon oxidation, which, according to our theory, cause
a decrease in the oxidation rate. On the basis of this fact, the high value
comunicated by us of ko a 9.10710 g . emd . h-l or £.1015 em? . sec-!
may be compared with values found with especlally pure zine by Wagner and
Grinevald (28) of 6.7.10°16 p2 . gec~l,

&,
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On the basis of thege general theoretical considerations and the
most recent conducvivity measurements on Ti0y - HO3 mixed oxides by
Hauffe and Grunewald ( 30), where the smallest addition of WO> induces
a conductivity increase corresponding to electron-excess-con: ucting by
the T105, one can already predict with safety that with minimal addition
of tungsten -- up to about 1 atom % -- the seale stability of titanium
would be significantly increased. Research in this direction would be

desirable. One can represent the introduction of WO3 into Ti05 in the
following way:

WO, = We'' (T1) + 2 04 T1 0y + 1o (e)

(xxvI)
or
OCI' + H03 —=We" (Ti)+ 8 + 710,
00" means an oxygen ion lattice vacancy with a trapped electron
(o + o 2 0g)
as a quasi-Farnsworth center. In accordance with the lattice-vacancy
equilibrium proposed here,
T =og+e+ 4 0 (&) (Xxv1I)

in -contrast to the oxidation
of titanium and titanium a

the scale layer to the metal, and the diffusion of the oxygen ions deter- i
mines the rate of growth of the scale.

2. Scale Phenomena on Metal Al

loys Having Electron-Defect-Condueting
Surface Layers

Electron-def‘ect-conducting oxides or oxide mixed phases must re-
sult from the oxidation of, e.g., copper, nickel and their alloys. 1In
contrast with the electron-excess-conducting oxides, there was found from '
conductivity measurements on NiO-mixed oxides that, on the addition of low ;
valence cations, €.g., Lis0 (31), there vas a logarithmic increase in elec- !
trical conductivity, while the introduction of high valence cations, e.g.
Cr 5 03, decreased the conductivity logarithmically. (32) (See Figures

10 and“11.)
: 9
12000¢ :
k
8000} . T

4000 f
— 1 x Li50
2 !

S — ———

Ni0 1.0-10°2 2.0710™

Figure 10. Increase in conductivity of N10-L1,0 mixed oxides with in-
creasing Liy0 content according to Verwey, Haayam and
Romeyn, analyzed by K. Hauffe and A. L. Vierk. (After
tempering at 1,200°C in 1 atm. 02, measurements vere
made at 25° ¢.)
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1]
-0 . =
log x K" :
=1 b :
4' ‘ ) l
_24 ) !
‘ |
r - [
-3 : .
4 A
T Cra0; Mol §
S . —
o] 1 4 3
Figure 11. Decrease in conduetivity of Ri10-Cr,0 mixed oxides
with increasing cr, 0., content accord og to K. Hauffe
and J. Block (T Eogo C and 1 atm. air).
In accordance with the lattice-vacancy equilibrium for K10 ;
; 510 2(8) = ni0 - Hig"+2 e {XvIII) j
having the mass action relationship
X
" . 1
N1 X2. : K. P°2 3 {(xxx)
and the condition’x m I Zy  the electrical conductivity must in- ;
crease with the six%q'oot of @ the oXygen pressure, :
t
1/6
K = constant .p !
2 . (0ex) :
i
The data indicated K~=~P, "7 (See [33].) .
2 1
As the symbolice equation for the example of the addition of

Cr2 03 to Ni0 shows

—\ ' "
Cr2 03 T 2Cr e (Ni)+ Nt I + 3§10 (X0X1) ; ‘
in the mixed oxide
cancies Ni " and

Figure 12). 1r one congiders the condition of elec
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~ Ea
e

N2t - nNi2+ 02~ cr3+
02 a - M2 g2
crdt 02~ N12+ 0% cr3t
02" m 02- a 0°-

Figure 12. Lattice vacancy in a NiO-Cr203 mixed oxide asc-
cording 10 C. Wagner. (Here the number of Ni2+
lattice vacancies ig greater thgn the electron
defect places represented as Ni+,)

Cr o' (N1) (%oxrn)
with the approximation

X 1
Bl waz=X (for x
0"~ 2 e cre' (K1) = x o
cr ) x Rigny,
(0xX11I)

then it follows that the ratio of scale constants of a Ni-Cr alloy k to
that for pure nickel k° ig

koo x
ko ™~ _Cr (for x > o
2 x° er D X N{_"

B, o) (oxIv)
[

With disregard for a number of other empirical fundamentals of
oxidation research on nickel alloys (38), the first oxidation researches
were carrled out with regard to the special working hypothesis of the
lattice-vacancy phenomenon of Wagner and Zimens .(35) As is seen 1in Figure 13,
the oxidation rate of nickel increases in accordance with equation XXXIV,
then decreases rapidly with higher Cr contents (> 6 atem % Cr). This de-
crease evidently depends (36) on the spinel phase NiCr,0y, which increases
with increasing Cry O, content in the scale layer where ion transposition
phenomena occur only extremely 8lowly.

On the basis of minimai foreign metal admixtures, a reduction in the
oxidation rate of nickel would be possible only by adding a monovalent metal
such as Ag or Li. Oxidation research concerning Ni-Ag alloys, in contrast
to the scale theory, has shown only slight reductions in the oxidation rate.(37)
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e

A0 1n Ni0, since

too greatly.

expect a significant decrease in the Ky
XNi£J,| (Figure 1h)
sult of the good g

/ Figure 13,

..-.tording to L. Horn.

, and, thereby, a decrease ip t
olubility of Lieo in NiO.

32
24 '
16 ]I T = 900° ¢ 1n s4p
8 /

i Atom ¥ Cr
o

—_— N\,

Ni 4 8 12

2
N{ *

2
0
N2t
| o
Ni3*

Figure 14,

02" TRl 0" n?t
n* 02" Lit 02-
02- N3t 02 .-
o o?" 12+ 0°"
02" N12+ 0>" Ne*

Lattice vacancy in g NiO-L120 mixed oxide.
the number of N12+ latiice vacancies is sma]
than the number of electron defect positions

Curve of the scale constants of the oxidation
of Ni-Cr alloys with increaaing Cr content ac-
or

—

The reason may clearly lie {n the excessively low solub
the fonic radii of Ni with 0.78 and Ag with 1
On the other hand, the introduction of L120 may lead one to

lattice-vacancy concentration
he oxidation rate as a re-

(Here

ler

)

i1ity of
AR airrer
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XLie (n1) (x0xv)

o

with the mags action equation (XXIX) for the cage !Li o
g

(R) =x;, > x

The ratio of the 8cale constant k of the alloy to k° of the pure nickel 1s
88 follows:

k. ,-..,(X"Ni "VZ  (for o
X x_ﬁn_m Lo (m) =x S g")

(oaevI)

Since the production of nickel-11th{um alloys 18 not possible
directly, one must choose another method for making NiO—L120 surface layers.
Meijering and Rathenau (38) Suggested a solution to this problem through
their obgervation of an increase in the oxidation rate of metals ang alloys
in the presence of MoO; vapor. Similar Obgervations hag been reported by
Leslie and Fontana.(}” Doubtleas, the increage in the oxidation rate, es-
Peclally that obgerveqd by the first pair of authors (38), could ve traced
to a decrease in melting point of the oxide layer cauged by the introduction
of the Moo,. However, we gee ip these effects a further confirmation of our
Scale theofy. According to the lattice-vacancy theory, the introduction of
M003 into an electron-detect-conducting oxide lattice must increase the nunm-
ber of cation lattice vacancies, which resultg in an increase 1p the oxidation
rate. If our hypothesis 1g correct, then the oxidation rate is titantum, the
oxide of which ig an electron excess conductor, must decrease. Studies of
this subject are in preparation. The M21jering ang Rathenau process further
hag the possibility of effecting a reduction in the oxidation rate by use of
another oxide, e.g., Lis0. Preliminary studies of unoxidized pure nickel
samples which were heated to 1,100° ¢ 1n air containing L1,0 vapor showed a
definite decrease in the oxidatior rate (40) (Figure 15). “By choice of
suitable oxides, one ig able to make stable scale layers on metals apd alloys
which ordinarily Porm scale of low stability without changing the composition
of the alloy (patent). Thisg point may be considereq 8nother example of the
applicability of the Scale Theory of Alloys.
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36

.10

L8 Oxidation of Nickel at
L4 1,100° ¢
(1) 1in air, (2) in air with
40,am 2 ¢ L1 vapor K* = (3.04)-10710

(g

.cm

.8ec

-l)

20 K" = (1.45)107%°
16 (2) (& e gec™))
12
/ -
t
in hours

o 6 12 18 28 30 33 b2 18

0
Figure 15. Decrease in the oxidation rate of nickel at 1,100 C in air

in the presence of L120 vapor according to K. Hauffe and
H. Pfeiffer.

Scale Phenomena With Rate-Determining Phase Boundary Reactions

Up to this point, only those scale phenomena have been considered in
which the rate-determining component was the diffusion of ions through the
scale layer. A larger number of scale systems, hovever, cannot be described

by means of the lattice vacancy and scale theory. There are various reasons
for this.

1. There are scale systems in which no solid surface lavers develop
upon oxidation, when the molar volume of the scale layer phase is less than
the atomic volumes of the metal or alloy phase. The simplest examples are
the oxidation phenomena on alkali and alkaline earth metals and their alloys.

2. There are scale systems in which the molar volume of the scale layer
phase i greater than the atomic volume of the metal or alloy phase. The dif-
Terence between the molar volume and atomic volume 16 8o great that the possi-
bililty of formation of a solid scale layer on the metal lattice is impossible
from the standpoint of energy.{13) Here a porous surface layer forms because
of continual “bursting," and, thus, through these pores the reacting gas can
diffuse directly onto the metal subsurface. Such is the case with sulfuration
of nickel and nickel alloys at 760°C. As the studies of Rauffe and Rahmel (k1)
have ghown, in contrast to the sulfuration of iron, the parabolic law is not
followed in this case but a linear time lav of the form (see Figure 16)

Am - px g
qQ
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As is also apparent from Figure 16, the sulfuration rate is extraordinarily
high and increases in Proportion to the square root of the pressure of the

sulfur vapor. On the basis of microscopic investigations, the migration of
the Ni ioms and electrons can play only a secondary role.

24,1077 -2
K (Mol.cm .m
18.1077
12.10°7
6.10°7
0
0 0.2 0.b 0.6 0.8 1.0 1.2

— Psa

Figure 16. The sulfuration-rate constant of

pressure of the sulfur vapor at 6
K. Hauffe and A. Rahmel

niskel relative to the
307 ¢ according to

The diffusion of gaseous sulfur through the
the principal constity

pores in the surface layer is
boundary reaction

ent of the reaction course. TIf one assumes the phase

(&)

1
- —
Ni+281' TS Nis

to be rate-determining, then a subddivision into the following partial reactions
can be dealt with

gsa (8) —— S (adsorbed on NiSs) (slow)

S +NL 2 nNis (fast)

of which the first is slove
research on nickel alloys ¢
hypotheats (Figure 17).

r and 18 therefore mte-detemining.

The acale
an be considered further

support for the above
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{30

Time (in minutes) —p

Figure 17. The sulfuration rate of nicgel alloys relsated to
the Ag or Cr content at 630
according to K. Hauffe and A.

C and Psp = 0. 1mm Hg, !
Rahmel. i

J

Here also the

stant temperature with

parabolic time law 1g not
increase was proportional to the time.
nickel-silver alloys,

valid, but with most alloys the weight
At constant sulfur Pressure and con-
the reaction increases per unit

time with increasing silver content, while with nickel-chromium alloys a de-

crease in the sulfuration rate
termined. The significance of
yet been determined, since the
studied.

3.

ever, above a certain temperature,

at present by Hauffe

of oxygen atoms, and
cording to Shottky (43),
8cale layer appears to be

The experimental
financed by the State

the concomitent position
while at 900° C, the

the rate-determining process.

with increasing chromium content has been de-
pore formation in the surface layer has not
lattice vacancy model of NiS is sti]] being

There are scale systems which form a solid surface layer vhere, how-
a large number of overriding quasi-phase.
boundary reactions are to be reckoned with.

One such system 1s being studied

and Pfeiffer (42) in which 1t hasg been found that, during
the oxidation of Fe to Fe0 at 1,000°

C, the slow reaction is the introduction
shifts in the outer layer, ac-

diffusion of Fe ions through the

data cited herein are taken from research work being
Planning Commission,

' | A — , m——
Sanitized Copy Approved for Release 2011/07/14 : CIA-RDP80-00809A0007002302



Sanitized Copy Approved for Release 2011/07/14 : CIA-RDP80-00809A000700230269-7

16.
17.
18.
19.
20.
a1.

22.

23.

BIBLIOGRAPHY
N. F. Mott, J. chim. Phys. bk, 172 (1947); N. Cabrera and N. F. Mott,
Rep. Progress Phys. 12, 163 (1949)
G. Tamann, Z. anorg. Chem. 111, 78 (1920)
N. B. Pilling end R. E. Bedworth, J. Inst. Metals 29, 529 (1923)
J. Frenkel, Z. Phys. 35, 652 (1926)
C. Wagner and J. Beyer, Z. Phys. Chem. (b) 32, 113 (1936); E. Koch
and C. Wagner, Z. phys. Chen (B) 38, 295 {1937); J. Teltow, Ann Phys.
(6) (1949); 2. phys. Chen. 195, 197 (1950); F. Seiiz, Phys. Rev. 5L,
1111 (1938); 56, 1063 (1939)
C. Wagner and W. Schottky Z. phys. Chem. (B) 11, 163 (1930); c. Wagner,
Z. Phys. Chem. Bodenstein-Festband 177 (1931); (B) 28 181 (1933);
W. Schottky, Z. phys. Chem. (B) 29, 335 (1935); Z. Elektrochem. 45, 33
(1939)
C. Wagner, Z. phys. Chem. (B) 21, 25 (1933); 32, 447 (1936)
C. Wagner, Z. phys. Chem. (B) 21, 25 (1933)
K. Hauffe and A. Rahmel, Z. phys. Chem. in press
C. Watner and K. Griinewald, 2. phys. Chenm. (B), ko, k55 (1938)
M. H. Davies, M. T. Simnad and C. E. Birchenall, Trans. Am. Inst. Min.
Metal Eng., J. Metals 889 (1951); K. Hauffe and H. Pfeiffer Z. phys.

Chem. in press

C. Wagner "Diffusion and hi temperature oxidation of metals in atom
movements," Cleveland (1951) page 153 ff

F. C. Frank and J. H. van der Maerve, Disc. Faraday Soc. 5 48, 201 (1949)

K. Hauffe, Z. Metallkde. 42, 34 (1951); Metalloberrldche (a) 5, 1 (1951);
Werkstoffe und Korr, 1, 131 (1951)

C. Tubandt, H. Reinhold and W. Jost, Z. phys. Chem. (A) 129, 69 (1927)
C. Wagner, J. Corroston and Materials Protection 5 No 5 (1g48)

E. Koch and C. Wagner, 2. phys. Chem. (B) 38, 295 (1937)

J. Teltow, Ann. Phys. (6) 5, 71 (1949)

F. Laves, Die Chemie 57, 30 (194k)

K. Heuffe and Ch. Gensch, Z. phys. Chem. 195, 116 (19k0)

Ch. Gensch end K. Hauffe, Z. phys. Chem. 195, 385 (1950)

W. Himmler, Z. phys. Chem. 195, 129 (1950)

C. Wagner and K. E. Zimens, Acta Chem. Scandinavice 1, 539 (1947)

. __________________________________________________ |
Sanitized Copy Approved for Release 2011/07/14 : CIA-RDP80-00809A000700230269-7




Sanitized Copy Approved for Release 2011/07/14 : CIA-RDP80-00809A000700230269-7

27. Ch. Gensch and K. Hauffe, Z. phys. Chenm. 196, 427 (1950)

STAT
'.,‘.‘._
24. L. HE. Price and G. J. Thomas, J. Inst. Metals 63, 2129 (1938) g
[

25. H. H. von Baumbach and C. Wagner 2. Phys. Chem. (b) 22, 199 (1933) 5 ’
e ‘
26. K. Hauffe and A. 1, Vierk, Z. phys Chem. 196, 160 (1950); see also . 1'
C. Wagner, J. Chem. Physics 18, 62 (1950) 2 i

’ 2

1

28. C. Wagner and K. Grunewald, Z, phys. Chem (B) ko, 455 (1938) L
29. W. J. Moore and J. K. Lee, Trans. Faraday Soc. 47, 501 (1951)
30. K. Hauffe and H. Grunewald, Z. phys. Chem. in press
31. E. J. W, Verwey, P. W. Hasyman and F. C. Romeyn Chem. Weekblad by, 705
32. K. Hauffe, Ann. Physics (6) 8, 201 (1950)
33. H. B. von Baumbauch and ¢. Wagner Z. phys. Chenm. (B) 24, 59 (1934).
35, cr. A, 1. Horn, Z. Metallkunde 40, 73 (1949)
: 35. C. Wagner and K. E. Zimens, Acta Chem. Scandinaviea 1, sk (1947)

36. K. Hauffe, Z. Metallkunde k2, 3% (1951); K. Hauffe ana K. Pschera,
Z. anorg. Chem. 262, 147 (1950) i

37. K. Bauffe and H. Pfeiffer, unpublished research

38. J. L. Meijering and g. W. Rathenan, Rature 165, 240 (1950); Metallurgia
L2, 167 (1951)

39. W. C. Leslie and M. G. Fontana, Trans. Amer. Soc Metals 41, 1213 (1949)

k0. K. Hauffe and §H. Pfeiffer, unpublished research

bl. K. Hauffe and A. Rahmel, Z. phys. Chem. in press

L2. K. Hauffe and H. Pfeiffer, leeture during the discussions before Die
deutsche Bunsengesellschaft ip January 1952 at Berlin-Dahlem, to appear :
subsequently in Z. Elektrochem : 1

43. W. Schottky; see also z. Phys. 113, 367 (1939)

-END -

[

!

-22 - A {
J

Sa’nitize-d Copy Approved for Release 2011/07/14 : CIA-RDP80-00809A000700230269-7



